Vibrio cholerae exists primarily as a free-living organism in estuarine environments. Pathogenic strains, however, are able to colonize the human small intestine and release cholera toxin, resulting in a secretory diarrhea that can be fatal in the absence of proper treatment (15) . V. cholerae is unique among the bacterial diarrheal pathogens in its ability to cause worldwide pandemics of disease. Accordingly, the factors that facilitate the organism's departure from the aquatic environment and promote the epidemic spread of human disease are of great interest.
Environmental and climactic factors have been shown to contribute to the epidemic spread of V. cholerae (22) . In areas where it is endemic, cholera occurs in recurrent peaks at the end of the monsoon season; these peaks have been linked to water temperature changes and zooplankton blooms (17) as well as to the prevalence of vibriophages in the environment (8) . The genetic composition of the bacteria itself may also play an important role in the transition from the aquatic environment to a cycle of epidemic disease. In particular, the acquisition of key virulence genes by horizontal transfer events is important in the evolution of pathogenic strains of V. cholerae (28) . Such a genetic transfer event preceded the 1992 emergence of a novel serogroup of epidemic cholera, V. cholerae O139, which arose through the acquisition of the wbf gene cluster from a nontoxigenic V. cholerae isolate (26) . Interestingly, recent studies of the transcriptional profile of organisms present in clinical samples suggest that the human upper intestine may be a particularly suitable niche for the horizontal gene transfer events that may give rise to V. cholerae strains with epidemic potential (16) .
Passage of V. cholerae through the human host confers a transient phenotype of enhanced transmissibility that also may contribute to epidemic spread of the disease (20) . The mechanism by which passage through the human intestine leads to V. cholerae hyperinfectivity is unknown, but the physiologic basis may be multifactorial and related to any of the key steps in V. cholerae infection, such as passage through the host gastric acid barrier, adherence to and colonization of the intestinal epithelium, or replication within the intestine. Alternatively, human-passaged organisms may express novel virulence factors that facilitate evasion of host immunity. Some possible mechanisms of transient V. cholerae hyperinfectivity have been explored. For instance, acid-adapted strains are able to outcompete wild-type strains by approximately eightfold in the infant mouse model of cholera infection (18) . Surprisingly, more rapid replication in the mouse intestine is responsible for this competitive advantage rather than enhanced survival of acid-adapted organisms during passage through the gastric barrier (1) . Alterations in chemotaxis also affect the infectivity of V. cholerae (9) . Paralogs of the chemotaxis genes cheW and cheR are repressed in V. cholerae in freshly passed human stool compared to in vitro-grown organisms, suggesting a role for altered chemotaxis in host-passaged hyperinfectivity (20) . In an infant mouse model of V. cholerae infection, the ability of nonchemotactic mutants to outcompete wild-type in vitro-grown organisms is related to the direction of flagellar rotation and is associated with a broader distribution of organisms throughout the small intestine (4). The increased expression of essential colonization factors, such as the toxincoregulated pilus (TCP), a type IV pilus, may also be associated with the hyperinfectious phenotype of host-passaged V. cholerae, since wild-type organisms greatly outcompete tcpA mutants in the infant mouse model of cholera (6, 19) . Together, these results suggest that a number of potential mechanisms may contribute to host-passaged hyperinfectivity, although the specific mechanisms that mediate this phenomenon remain undefined.
To facilitate a better understanding of human-passaged hyperinfectivity, we examined whether the hyperinfectious phenotype previously documented in organisms recovered from fresh human stool could be reproduced using the infant mouse model of V. cholerae infection. Here, we show that passage of bacteria through the infant mouse confers hyperinfectivity equivalent to that of organisms found in human stool. We also characterize the intestinal population dynamics of hyperinfectious mouse-passaged bacteria and assess the contribution of three V. cholerae type IV pili, including TCP, mannose-sensitive hemagglutinin (MshA), and PilA, to hyperinfectivity using this model.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Table 1 (10) . All of the strains are derivatives of V. cholerae O1 El Tor N16961, the only fully sequenced clinical isolate of V. cholerae (12) . Bacterial strains were grown in Luria-Bertani (LB) broth with aeration at 37°C for 16 to 18 h for stationaryphase bacteria and 3 to 4 h for exponential-phase bacteria. Antibiotics were used at the following concentrations: ampicillin, 50 g/ml; streptomycin, 50 g/ml. To induce in vitro expression of V. cholerae genes, AKI growth conditions were performed as described previously (14) . Briefly, the strain was grown overnight in LB medium at 37°C on a roller shaker and then subcultured into 10 ml of medium containing 1.5% Bacto peptone, 0.4% yeast extract, 0.5% sodium chloride, and 0.3% sodium bicarbonate. Strains were then grown without shaking for 4 to 6 h at 37°C and transferred to 100-ml flasks for a subsequent 16 h of growth. Confirmation of expression of the B subunit of cholera toxin under AKI conditions was confirmed by ganglioside GM1 enzyme-linked immunosorbent assay (24) .
Knockout of the lacZ gene in a tcpA mutant strain of V. cholerae (KFV33). In order to conduct competition assays in a tcpA mutant background, Escherichia coli SM10pir harboring a pGP704 vector carrying a 1,000-bp-long fragment of the amplified lacZ gene was mated with V. cholerae KFV33 (N16961⌬tcpA) (10) to create a lacZ tcpA double mutant strain. Exconjugants that were LacZ negative were selected as streptomycin-and ampicillin-resistant colonies. PCR analysis was performed to confirm correct integration of the plasmid.
Recovery of mouse-passaged and human stool-passaged V. cholerae. Mousepassaged bacteria were prepared by intragastric inoculation of 4-to 5-day-old suckling CD-1 mice or Swiss Webster mice with approximately 10 6 CFU of the appropriate strain. Organisms were recovered from the whole mouse gut by mechanical homogenization performed 20 to 24 h after inoculation. For recovery of V. cholerae from human stool, 100 ml of freshly passed rice water stool was collected from cholera patients admitted to the International Centre for Diarrheal Disease Research hospital in Dhaka, Bangladesh (ICDDR,B). Stool specimens that were positive for the characteristic darting movements of vibrios on dark-field microscopy were then tested for motility inhibition by a monoclonal antibody specific to V. cholerae O1 (23) . Stool samples were centrifuged at 3,000 ϫ g for 5 min to remove particulate matter, and then the bacteria were pelleted by high-speed centrifugation, resuspended in phosphate-buffered saline, and used immediately for competition assays. Confirmation of the infecting strain was performed by overnight culture on taurocholate-tellurite-gelatin agar and evaluation with V. cholerae O1 serotype-specific monoclonal antibodies (23) . Human studies approval was obtained from the Research and Ethical Review Committees of the ICDDR,B and the Institutional Review Board of the Massachusetts General Hospital.
Competition assays. Suckling CD-1 mice have been used extensively in V. cholerae competition assays (27) . Germ-free Swiss and Swiss Webster mice models have been developed for evaluating vaccine strains of V. cholerae (5, 7) , and suckling Swiss Webster mice have also been used for V. cholerae competition assays (20) . Here, competition assays between different strains of V. cholerae were performed in 4-to 5-day-old suckling CD-1 mice (for competition assays using mouse-passaged organisms performed in the United States) or Swiss Webster mice (for competition assays using organisms freshly passed in human stool performed in Bangladesh) as previously described (20) . Due to local availability, different strains of mice were used in the United States and in Bangladesh. For the competition with in vitro-grown organisms, human-or mouse-passaged bacteria were mixed with a 1:1,000 dilution of an in vitro-grown strain to achieve an approximate 1:1 input ratio. A total of 50 l of the mixed strains, representing approximately 10 6 CFU, was administered intragastrically to suckling mice by gavage. After 20 to 24 h, the animals were euthanized and the small intestine was removed, homogenized, and plated on LB medium supplemented with 40 g/ml of 5-bromo-4-chloro-3-indolyl-D-galactoside to allow for counting of the two competing strains, which were marked as LacZ ϩ and LacZ Ϫ . The ratio of the two strains in the intestine (output ratio) was corrected for the ratio of the two strains in the inoculum (input ratio), and results were expressed as the competitive index (CI) of the two strains examined. Experiments in which the input ratio differed by Ն10-fold from 1:1 were thrown out; no significant effect of Ͻ10-fold variability in the input ratio on the competitive index was observed. We also directly competed mouse-passaged against human-passaged organisms using the same technique described above.
Determination of intestinal population dynamics. Following coinoculation of mouse-passaged and in vitro strains as described above, the small intestine was harvested at 1, 3, 5, 10, and 24 h after inoculation and plated to determine the ratios of LacZ ϩ and LacZ Ϫ colonies. To evaluate the distribution of individual strains in the small intestine, single strains were inoculated into suckling CD-1 mice by gavage, and mice were sacrificed at 5 and 24 h. The small intestine was removed and cut into five segments of equal length. Each of these five segments was mechanically homogenized and plated as described above to determine the percentage of total colonies in each individual segment.
Determination of ID 50 . Four-to five-day-old suckling CD-1 mice were inoculated intragastrically with V. cholerae inocula of different strains, ranging from approximately 10 0 to 10 6 CFU. At 24 h postinoculation, the small intestines were removed and homogenized, and serial dilutions were plated to determine whether the inoculum had led to infection of the mouse. The lower limit of detection was approximately 10 CFU, and values equal to or greater than this were considered positive for infection. The infectious dose required to infect 50% of mice (ID 50 ) was determined graphically by using the curves in Fig. 3 .
Quantitative RT-PCR of tcpA mRNA. RNA was extracted using Trizol (Life Technologies, Gaithersburg, MD). RNA samples were treated with DNase to remove contaminating DNA on an RNeasy column (QIAGEN, Valencia, CA), and reverse transcription (RT) was performed using the Reverse Transcription System (Promega, Madison, WI). Quantitative RT-PCRs were done using the TaqMan system (Applied Biosystems, Foster City, CA) and an Opticon 2 Continuous Fluorescence Detector (MJ Research, Waltham, MA). Primers and probes for tcpA and V. cholerae 16S RNA were designed using Primer Express (Applied Biosystems, Foster City, CA). Real-time PCRs were performed in a final volume of 25 l containing 1ϫ TaqMan Universal Master mix (Applied Biosystems, Foster City, CA), 900 nM forward and reverse TaqMan primers, and 250 nM TaqMan probe. Primers and probes were purchased from Applied Biosystems. Reactions were performed in MicroAmp Optical 96-well plates (Applied Biosystems, Foster City, CA) with the following cycle parameters: 50°C for 2 min, 95°C for 10 min, 95°C for 15 s, 60°C for 1 min. Validation experiments were performed for all TaqMan probe and primer sets, and these showed a linear relationship between the cycle threshold, C t , and the logarithm of the template amount (genomic DNA), as expected. To control for genomic DNA contamination, reactions without reverse transcriptase were performed. Relative expression levels in the different samples were calculated by using the comparative C t method with 16S RNA as the internal reference for normalization.
RESULTS
Passage through the infant mouse gut imparts a hyperinfectious phenotype in V. cholerae that is equivalent to humanpassaged hyperinfectivity. We used the growth of V. cholerae in vivo in an infant mouse to assess whether this could be used to model the hyperinfectious state that has been observed in organisms present in human stool. The sequenced wild-type (12) and a lacZ mutant of this strain were used in these experiments (Table 1 ). To ensure that there was no effect of the lacZ mutation itself on colonization, we first assessed the competitive index (CI) of the wild-type and lacZ mutant V. cholerae strains grown together in the CD-1 infant mouse intestine. No competitive advantage was observed for either strain (Fig. 1a) . Next, we infected the wild-type strain into an infant mouse and recovered mouse-passaged organisms after growth overnight in vivo. These organisms were then competed with the lacZ mutant strain, grown overnight in LB broth in a second infant mouse, to determine the CI. As shown in Fig. 1b , the mousepassaged strain outcompeted the in vitro-grown lacZ mutant strain by greater than 100-fold, consistent with the hyperinfectious phenotype previously seen in organisms recovered directly in human stool (20) . We repeated this experiment using the lacZ mutant strain grown in the infant mouse and the wild-type strain grown in vitro. The mouse-passaged organisms retained an approximately 100-fold competitive advantage over the in vitro-grown organisms, demonstrating that the lacZ mutation had no intrinsic effect on the infectivity of V. cholerae (data not shown). We next collected V. cholerae directly from freshly passed human stool and competed these organisms with V. cholerae grown to stationary phase in LB broth and with bacteria harvested from Swiss Webster mice. As previously observed (20) , human-passaged organisms outcompeted in vitro-grown organisms by approximately 100-fold in Swiss Webster mice (Fig.  2a) . Next, we directly compared the infectivity of mouse-passaged bacteria with that of organisms recovered from freshly passed human stool. The stool-harvested and mouse-passaged organisms demonstrated equivalent levels of competition (median CI, 1) (Fig. 2b) . This finding supports our use of the infant mouse model for the study of host-induced hyperinfectivity.
Characterization of mouse-passaged hyperinfectivity. Since the growth phase of host-passaged organisms is undefined, we assessed the CI of mouse-passaged organisms compared to organisms grown in vitro to exponential phase. Although we observed a slight decrease in the competitive advantage of the mouse-passaged organisms when competed with the organisms grown to exponential phase compared to those grown to stationary phase ( Fig. 1c; median CI, 48) , the hyperinfectious phenotype of the mouse-passaged organisms was preserved. This suggests that the hyperinfectious phenotype of the mousepassaged bacteria is not dependent solely on growth phase.
We also assessed whether growth in in vitro conditions (AKI) that induce expression of V. cholerae virulence factors (14) would result in a hyperinfectious phenotype. We competed AKI-grown bacteria with mouse-passaged bacteria and with the organism grown to stationary phase in LB media. Although we observed that V. cholerae grown in AKI conditions outcompeted organisms grown to stationary phase in LB (median CI, 20), the mouse-passaged organisms still substantially outcompeted the organisms grown in AKI conditions (median CI, 41), as shown in Fig. 1d . This suggests that there are additional factors involved in the hyperinfectious phenotype following growth in the mouse intestine that are not induced during in vitro growth in AKI conditions.
We next verified that the hyperinfectious phenotype was transient and reversible following growth in the mouse intestine rather than the result of a heritable mutation selected in the mouse. Organisms were passaged in an infant mouse and then subsequently grown overnight in LB media and competed with organisms grown overnight in LB media; the hyperinfectious phenotype was lost after subsequent overnight growth in LB media (the mean CI was 1.4 for two mice).
We utilized a different assay of infectivity, determination of the ID 50 , to verify the hyperinfectivity of mouse-passaged bacteria compared to in vitro-grown bacteria (Fig. 3) . The ID 50 of the in vitro-grown bacteria was more than 1 log 10 higher than that of the mouse-passaged bacteria, consistent with the results of the competition assays between host-passaged and in vitrogrown bacteria. Intestinal survival and distribution of mouse-passaged bacteria compared to in vitro-grown organisms. We assessed the intestinal survival of mouse-passaged and in vitro-grown V. cholerae at various time points after coinfection of the infant mouse (Fig. 4) . In both cases, the majority of the inoculating organisms was killed in the first hour after infection. However, by 3 h postinfection, mouse-passaged bacteria had recovered to the starting inoculum. In contrast, replication of the in vitro-grown bacteria was not apparent in the mouse until 5 to 10 h after inoculation. This suggests that both strains were similarly susceptible to initial host bactericidal mechanisms but that the mouse-passaged bacteria were able to more rapidly replicate and establish successful colonization of the mouse intestine following infection.
To characterize the location of the competitive advantage of mouse-passaged bacteria over in vitro-grown bacteria, we analyzed the distribution of organisms colonizing five different segments of the small intestine at 5 h and 24 h postinoculation in single-strain experiments (Fig. 5) . At 5 h postinoculation, mouse-passaged bacteria were present in the highest numbers in the more proximal regions of the small intestine (segments 3 and 4) compared to in vitro-grown bacteria, which were primarily found in the most distal segment. By 24 h postinoculation, the distributions of the mouse-passaged and in vitrogrown bacteria were essentially indistinguishable, with the majority of the organisms localized to the most distal two segments. Previous work has shown that at 24 h postinfection, V. cholerae preferentially colonizes the distal segments of the small intestine (2). Our results suggest that mouse-passaged V. cholerae can both replicate more rapidly and preferentially colonize the more proximal segments of the small intestine in the early phases of infection.
Role of type IV pili in the hyperinfectious phenotype. Given the importance of type IV pili as colonization factors in enteric pathogens (11, 13), we analyzed V. cholerae strains mutated in mshA and pilA (Table 1) in our infant mouse model of hyperinfectivity. We found that these mutants demonstrated a competitive advantage following mouse passage that was equivalent to the wild-type strain, suggesting that MshA and PilA are not necessary for the hyperinfectious phenotype (median CIs, 31 and 10, respectively).
Because TCP is an essential colonization factor, we also compared the ID 50 of a mouse-passaged tcpA mutant strain with that of the same strain grown in vitro to determine if a tcpA mutant strain demonstrates host-passaged hyperinfectivity. We found no significant difference in the ID 50 of a tcpA mutant strain grown in vitro or passaged through the mouse intestine, suggesting that mutation of tcpA reduced development of the hyperinfectious phenotype. The ID 50 of the tcpA mutant, regardless of whether it was grown in vitro or was To further analyze expression of tcpA in mouse-passaged compared to in vitro-grown organisms, we used quantitative RT-PCR specific for this transcript. The level of tcpA transcript was more than 100-fold higher in organisms recovered following passage through the mouse compared to in vitro growth to stationary phase in LB media. By 24 h after inoculation, however, expression of tcpA in vibrios recovered from mice infected with in vitro-grown organisms had increased to levels comparable to those in vibrios recovered from mice infected with the mouse-passaged strain.
DISCUSSION
Understanding the bacterial factors that contribute to the epidemic spread of cholera may lead to novel approaches for disease containment. Passage of V. cholerae through the environment of the human intestine imparts a transient hyperinfectivity for the next host. This hyperinfectivity is maintained for at least 5 h after passage into the environment (20) , yet the mechanism of this phenomenon has not been completely defined. Here, we have demonstrated that passage through the infant mouse confers a hyperinfectious phenotype that is equivalent to that conferred by passage through the human intestine. Because of this, we propose that the infant mouse model of V. cholerae infection can be used to further characterize the mechanism of this transient hyperinfectious state.
Our use of the infant mouse model also provides insight into the mechanism of host-passaged hyperinfectivity. We have shown that growth phase alone does not account for the ability of host-passaged bacteria to outcompete in vitro-grown organisms, since host-passaged bacteria are able to substantially outcompete bacteria grown in vitro to both stationary and exponential phases. Furthermore, we have shown that hyperinfectivity is not due to a genetic mutation selected for during passage through the intestinal environment. Rather, hyperinfectivity is a transient phenotype that may relate to adaptation of the organism to substrates particular to the host (21, 25) . The particular factors that mediate this transient phenotype merit further study. Our results suggest that enhanced tolerance for passage through the gastric acid barrier is unlikely to be one of these factors, since host-passaged bacteria are not more resistant to the initial killing events that occur in the earliest stage of infection (within 1 h). Our results do suggest that host-passaged bacteria preferentially colonize the more proximal regions of the small intestine and replicate more quickly in the intestine than in vitro-grown bacteria. Hence, factors relating to colonization and adaptation to characteristics of the intestinal environment, such as anaerobiasis or nutrient limitation (3, 20) , may play a role in mediating hyperinfectivity.
Because our results suggested a possible contribution of colonization factors to the hyperinfectious phenotype, we evaluated the effect of mutations in three of the known type IV pili of V. cholerae in our infant mouse model of hyperinfectivity. MshA and PilA appeared to have no effect on the hyperinfectious phenotype; however, deletion of tcpA resulted in loss of the difference in ID 50 between in vitro-grown and mousepassaged organisms. This suggests that appropriate expression of tcpA may influence the hyperinfectious phenotype and is consistent with our observation that tcpA transcripts are Ͼ100-fold more highly expressed in host-passaged than in in vitrogrown organisms. Nevertheless, given the essential role of TCP as a colonization factor, it is difficult to conclude that altered expression of tcpA is solely responsible for the hyperinfectious phenotype observed in host-passaged bacteria. Because the tcpA mutant strain is severely attenuated in its ability to colonize the intestine, it is possible that additional factors that modulate the hyperinfectivity of host-passaged bacteria are not apparent in analysis of this mutant.
In summary, we have established that the infant mouse can be used to model human-passaged hyperinfectivity of V. cholerae and that TcpA may play a necessary role in this phenotype. Further exploration of the effect of mutations in chemotaxis, biofilm formation, nutrient acquisition, or novel virulence genes using this model system may enhance understanding of this phenotype. 
